We report the effect of the rare earth metal Gd on current-induced spin-orbit torques (SOTs) in perpendicularly magnetized Pt/Co/Gd heterostructures, characterized using harmonic measurements and spin-torque ferromagnetic resonance (ST-FMR). By varying the Gd metal layer thickness from 0 nm to 8 nm, harmonic measurements reveal a significant enhancement of the effective fields generated from the Slonczewski-like and field-like torques. ST-FMR measurements confirm an enhanced effective spin Hall angle and show a corresponding increase in the magnetic damping constant with increasing Gd thickness. These results suggest that Gd plays an active role in generating SOTs in these heterostructures. Our finding may lead to spin-orbitronics device application such as non-volatile magnetic random access memory, based on rare earth metals. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953348] Current-driven magnetization switching [1] [2] [3] [4] [5] [6] [7] and magnetic domain wall motion [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been widely investigated for device applications such as nonvolatile magnetic memory. 9, 20 More recently, current-induced control of the magnetization has been achieved by current-induced spin-orbit torques (SOTs) originating from heavy metal layers with strong spin-orbit coupling, from which the resulting effective fields are strong enough to control the magnetization in adjacent ultra-thin ferromagnetic layers. [1] [2] [3] [4] [5] [6] [7] 11, [13] [14] [15] [16] [17] [18] [19] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In the ferromagnet/heavy metal system, SOTs can arise from the interfacial Rashba effect 11, 21, 24 and the bulk spin Hall effect (SHE), [2] [3] [4] 7, 13, 16, 22, 23, 27, [29] [30] [31] [32] [33] [34] [35] and can produce both a Slonczewski-like (SL) 36 and field-like (FL) torque. 37 The SL torque, which manifests predominantly from the SHE, has an anti-damping form and is responsible for magnetic switching and current-driven domain wall motion. Therefore, substantial efforts have been made both to clarify the origins of this torque and to identify materials that can enhance it in magnetic heterostructures for device applications.
In order to characterize the sign and magnitude of SOTs, the corresponding effective fields from the SL-torque (H SL ) and FL-torque (H FL ) are commonly measured using techniques such as harmonic voltage measurements 21, 25, 28 and spin torque-ferromagnetic resonance (ST-FMR). 22 Under the assumption that H SL derives solely from the SHE, the effective spin Hall angle h SH that gives the ratio of spin current to in-plane charge current serves as a convenient figure of merit to characterize the strength of the SL-torque. Pt, Ta, and W have been the most widely investigated spin Hall metals due to their relatively high spin Hall angles, h SH ($þ0.07 for Pt, 3, 13, 22, 31, 33 30 and on different ferromagnetic layers such as Co and CoFeB. 7, 32, 33 For exploring new spin Hall materials, the rare earth (RE) metals are expected to be a potential SOT source because of the strong spin-orbit coupling 38 in these materials. However, to date, there have been no studies of SOTs originating from ferromagnet/RE interfaces.
In this letter, we examine SOTs generated by a Co/Gd interface in Pt/Co/Gd heterostructures. Films with in-plane magnetized Co and ultra-thin Co with perpendicular magnetic anisotropy (PMA) were prepared for ST-FMR and harmonic measurements, respectively. The SOTs were characterized as a function of Gd layer thickness t Gd . In these heterostructures, if the Gd layer would produce SOT, then the resulting effective fields will be greater or lower than those from a Pt/Co bi-layer structure, which allows the contribution from the Co/Gd interface to be inferred. Interestingly, we find that both the SL and FL SOTs are significantly enhanced by increasing t Gd , suggesting that Gd acts as an effective SOT source.
First, we performed harmonic measurements to estimate the SOT efficiency. We prepared a series of substrate/Ta (4 nm)/Pt (3 nm)/Co (0.9 nm)/Gd (t Gd ) structures capped by 3 nm Ta using d.c. magnetron sputtering onto thermally oxidized Si substrates, as shown schematically in Fig. 1(a) . t Gd was varied from 2 nm to 8 nm. The Ta capping layer prevents oxidation of the Gd layer, while the bottom Ta layer serves as seed layer. Pt was used as an underlayer to generate PMA in the Co layer. The deposition was performed at room temperature under 3 mTorr Ar with a base pressure of 3 Â 10 À7 Torr. Similarly prepared Gd films capped with Ta exhibited a resistivity q Gd ¼ 525.0 lX cm, which is somewhat higher but reasonably consistent with prior measurements 39 of nanocrystalline Gd, indicating minimal oxidation of the Gd metal.
A control sample with t Gd ¼ 0 was also fabricated, with the structure substrate/Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm), where the GdOx layer was grown by reactive sputtering of a a)
Author to whom correspondence should be addressed. Electronic mail: gbeach@mit.edu Gd metal target with an oxygen partial pressure of $0.1 mTorr. Here, GdOx served as the capping layer rather than Ta, since Ta in contact with Co is known to enhance the SOT in Pt/Co/Ta heterostructures. 29 To estimate magnetic properties such as saturation magnetization (M S ) and PMA energy density (K U ) in the films, we obtained out-of-plane and in-plane hysteresis loops using a vibrating sample magnetometer (VSM). Here, K U is given by
where H K is the magnetic anisotropy field and H sat is the hard-axis saturation field. All films showed PMA, which is known to be driven by the Pt/Co interface. 40 As summarized in Fig. 1 (b), M S and K U are both almost constant with respect to t Gd , suggesting that Gd is not a critical factor in achieving PMA and its thickness variation does not change the magnetic properties of the Co.
Next, we performed harmonic voltage measurements by detecting Hall voltage variations as a function of magnetization tilting under in-plane magnetic fields to quantify the SOTs. 21, 25 For these measurements, Hall bar devices with lateral dimensions 5 lm-width and 12 lm-length were patterned by photolithography and lift off after sputter deposition ( Fig. 1(c) ). Ta (5 nm)/Au (50 nm) pads were attached to the ends of the Hall bar arms to inject a.c. current with low frequency and to detect the Hall voltage (V Hall ). As shown in Fig. 1(c) , the coordinate axes z, x, and y correspond, respectively, to the direction perpendicular to the film, in-plane along the current-flow direction, and transverse to the current in the film plane. Fig. 1(d) shows a typical Hall voltage measurement versus out-of-plane field H Z for t Gd ¼ 6 nm, under low a.c. current density (2Â10 10 A/m 2 ). The high coercivity and remanence of this out-of-plane hysteresis loop shows that patterning does not compromise the PMA of the films.
Harmonic SOT measurements were carried out as follows. An a.c. current I was driven along the x-direction ( Fig. 1(c) ) by applying an a.c. voltage with rms amplitude V in and frequency x/2p ¼ 1.77 kHz. The first and second harmonics (V 1x and V 2x , respectively) of the Hall voltage were measured using a lock-in amplifier. V 1x and V 2x were recorded as a function of applied in-plane field H x (H y ), as shown in Fig. 2 . Then, H SL and H FL were estimated using the relation fields vary linearly with V In , indicating that the effects of Joule heating are negligible in the measured V In range. We find that the sign of H SL depends on the direction of M Z , while that of H FL is independent of M Z . This result is consistent with previous reports using the same method. 13, 16, 33 Figure 3(c) shows H SL per unit applied voltage (jH SL /V In j) as a function of t Gd , obtained from the fitted slope of H SL versus V In in Fig. 3(a) . The jH SL /V In j indicates absolute values, estimated from an average value of absolute efficiencies for þM Z and ÀM Z . Interestingly, jH SL /V In j significantly increases with increasing Gd thickness, increasing from 70 Oe/V for the sample with t Gd ¼ 0 to $270 Oe/V when t Gd ¼ 8 nm. We note that here it is more convenient to compare H SL per unit applied voltage rather than per unit current density, as this avoids ambiguities due to the variation of the current distribution in the heterostructure as the Gd layer thickness is varied. That is to say, assuming that the Pt, Co, and Gd layers act as parallel resistance paths, the current flowing in the Pt layer and hence the SOT generated by the Pt layer, at a given V In , will be invariant with t Gd , since the resistance of the Pt layer is independent of t Gd . Therefore, since jH SL /V In j increases with t Gd , we can infer that the Gd metal at the top interface produces SL-SOT acting on the magnetic moment in Co layer since the SOT per unit drive voltage contributed by the Pt layer is the same for this set of samples independent of t Gd . Furthermore, the enhancement of jH SL /V In j suggests that Gd has an opposite sign of h SH compare to that of Pt, so that the SL-SOTs generated at the top and bottom interfaces are additive.
In Fig. 3(d) , we plot H FL per unit voltage, jH FL /V In j, as a function of t Gd . With increasing t Gd , the field-like torque increases systematically by about a factor of 2, indicating that Gd can also enhance the FL-SOT. However, the relative strength of H SL is in all cases much larger than H FL , suggesting that the SHE is the dominant SOT mechanism.
Although a large SOT contribution from Gd is obtained, an accurate estimation of the spin Hall angle h SH is difficult due to the complicated current distribution, as is generally the case when quantitatively assessing SOTs in heterostructures. To estimate the current distribution in the stack, we measured the resistivity q for each layer by preparing single-layer films, yielding q Pt ¼ 31.9 lX cm, q Co ¼ 65.6 lX cm, q Gd ¼ 525.0 lX cm, and q Ta ¼ 372.8 lX cm. By comparing these resistivities, we expect that the Pt layer will shunt most of the current. By normalizing the effective field to the current density flowing in the Pt layer, we arrive at an effective spin Hall angle h ef f SH , which ranges from 0.20 60:02 to 0:7860:02 as t Gd is increased. The inferred h ef f SH for t Gd ¼ 0 is somewhat larger than that typically found for Pt, which may be attributed to uncertainties in current distribution and differences in transparency at the Co/Pt interface, which depends sensitively on the details of the interface and directly impacts the spin-mixing conductance 32, 33 and hence h ef f SH . The significant relative increase of h ef f SH with increasing t Gd clearly indicates that the Co/Gd interface is contributing additional SL-SOT.
To confirm the presence of additional SOT from Gd metal, we conducted ST-FMR measurements, which are widely used to determine the efficiencies of SOTs. 2, 4, 7, 22, 23, [31] [32] [33] 35 The measurement provides important magnetic parameters such as demagnetization (4pM eff ), the damping constant (a) and h SH . We prepared samples with the structure substrate/Gd (t)/Co (5 nm)/Pt (4 nm) with in-plane anisotropy by dc magnetron sputtering. t Gd was varied 0 to 8 nm with 2 nm steps. Devices with lateral dimensions of 10 lm Â 10 lm with Ta (5 nm)/Au (50 nm) electrode pads, were patterned by photolithography and lift-off in the same manner as were the devices for harmonic measurements. Fig. 4(a) shows a schematic illustration of the sample measurement configuration. Measurements were performed by sweeping an in-plane magnetic field in the range À3 kOe to þ3 kOe with various RF injection power frequencies (f) at room temperature. The dc output mixing voltage (V mix ) of the ST-FMR spectra, which consists of symmetric and antisymmetric components, was measured using a lock-in amplifier.
Figures 4(b) and 4(c) show typical ST-FMR spectra for Co/Pt and Gd/Co/Pt at 9 GHz. The spectra in the positive field range were fitted by a sum of symmetric and antisymmetric Lorentzian functions 2, 4, 7, 22, 23, [31] [32] [33] 35 to yield the resonance field (H 0 ) and the line width (D). Figure 5(a) shows typical results of f versus H 0 for Co/Pt and Gd (6 nm)/Co/Pt samples fitted by the Kittel fomula, f ¼
, where c is the gyromagnetic ratio. Extracted 4pM eff are estimated to be 10.13 6 0.02 kOe for Co/Pt and 11.12 6 0.07 kOe for Gd/ Co/Pt. These values agree well with the hard axis saturation field measured in continuous films by VSM. Figure 5(b) shows D versus f together with a linear fit using D ¼ 2pf c a, where a is the damping constant. From the slopes, we obtained a Co/Pt ¼ 0.025 6 0.006 and a Gd(6)/Co/Pt ¼ 0.043 6 0.003.
Next, we estimated h SH , using the expression
. Here, S/A is the amplitude ratio of symmetric (S) and antisymmetric (A) components of the ST-FMR spectra, e is the charge electron, h is the Planck constant, t FM is the thickness of ferromagnetic layer, and d HM is the thickness of heavy metal layer. S and A are given by h 2e
where J rf is the rf charge current density in HM layer.
h SH and a are plotted as a function of t Gd in Figs. 5(c) and 5(d). Individual data points represent an average of measurement results on five separate devices, and error bars represent the standard deviation. We found that h SH increases with increasing t Gd , ranging from $0.06 to $0.10 as t Gd is increased to 6 nm, and then seems to plateau, although more data are required in the high thickness regime to confirm this latter behavior. The minimum value at t Gd ¼ 0 nm comes from the SOT contribution of only Pt and is in good agreement with previous studies. 22, 31, 33 The data are qualitatively, but not quantitatively, consistent with the harmonic measurement results performed on samples with thinner ferromagnetic layers as described above. This could reflect differences in spin transmission for PMA versus in-plane magnetized samples. In addition, one can expect differences in current-flow distributions and spin transmission due to the fact that the top interface is very close to the bottom interface in the PMA samples, which could complicate the scattering mechanisms, whereas the two interfaces are far from one another in the thicker in-plane samples used for ST-FMR. However, the qualitative agreement between the two measurements, indicating that the effective h SH increases with increasing t Gd , suggests that the Gd layer is indeed contributing significantly to the net SOT.
To further understand this enhanced h SH , we focus on the t Gd dependence on a, shown in Fig. 5(d) . Interestingly, a also increases with increasing t Gd , varying from 0.025 6 0.004 to 0.045 6 0.004 in this set of samples. The measured damping for t Gd ¼ 0 nm with a Co thickness of 5 nm agrees well with the results reported by Pai et al. 33 The correlation between h SH and a, which both increase with increasing t Gd , could suggest that enhanced interface scattering mechanisms are related to the increased SOT that we observe.
Finally, in order to directly examine the effect of Gd metal, we attempted measuring Gd/Co bi-layer films without the Pt overlayer. The film structure used was substrate/Gd(t)/ Co(5 nm)/GdOx(5 nm), where t Gd is varied in the range from 2 to 20 nm. However, the ST-FMR signal-to-noise was insufficient to extract meaningful parameters, which we attribute to the low injected power due to the high resistivity of films.
In conclusion, we have investigated the effect of Gd metal on SOT in Pt/Co/Gd heterostructures with PMA and inplane anisotropy, using conventional harmonic and ST-FMR measurements, respectively. We find an enhancement of the SOT with increasing Gd metal layer thickness, as characterized by the effective fields H SL and H FL . ST-FMR measurement also reveals enhanced effective h SH and a in films with thicker Gd, suggesting a correlation between damping and SOT enhancement at the Co/Gd interface. These results indicate that the rare-earth metal Gd can be used to significantly enhance SOTs in thin-film heterostructures. 
